Studies on the Synthesis and Separation of Fullerenes and PAHs from Flame by 高志永
学校编码：10384                           分类号      密级        
学号：B200425005B200425005                           UDC       
 
博  士  学  位  论  文 
富勒烯及多环芳烃的燃烧法合成 
和分离研究 
Studies on the Synthesis and Separation of  





              谢素原 教授     
专  业 名 称：无 机 化 学 
论文提交日期：2008 年 4 月 
论文答辩时间：2008 年 5 月 
学位授予日期：2008 年  月 
  
 
答辩委员会主席：           
评    阅    人：           
 
 


























































Studies on the Synthesis and Separation of 
Fullerenes and PAHs from Flame 
 
 
A Dissertation Submitted to the Graduate School in Partial Fulfillment of 
the Requirements for the Degree of Doctor Philosophy 
 
By  
Zhi-Yong Gao  
 
Supervised by 
 Prof. Rong-Bin Huang & Prof. Su-Yuan Xie 
 























                        声明人（签名）： 























  1、保密（ ），在  年解密后适用本授权书。 




作者签名：      日期：  年 月 日 
















目   录 
0H摘   要 ......................................................................................................................... 151Hi 
1HAbstract..................................................................................................... 152Hiii 
2H第一章 绪   论................................................................................................ 153H  
3H1.1 富勒烯的合成和分离...................................................................................... 154H2 
4H1.1.1 碳（石墨）蒸发合成法 ....................................................................... 155H2 
5H1.1.1.1 石墨激光汽化法.......................................................................... 156H2 
6H1.1.1.2 石墨电弧蒸发法.......................................................................... 157H2 
7H1.1.1.3 石墨高频电阻炉蒸发法.............................................................. 158H3 
8H1.1.1.4 石墨太阳能蒸发法...................................................................... 159H3 
9H1.1.2 有机物法 ............................................................................................... 160H3 
10H .1.2.1 火焰燃烧法.................................................................................. 161H3 
11H .1.2.2 多环芳烃热裂解法...................................................................... 162H5 
12H .1.2.3 液相电弧法.................................................................................. 163H5 
13H .1.2.4 辉光放电法.................................................................................. 164H5 
14H .1.2.5 微波等离子体法.......................................................................... 165H  
15H .1.3 其它合成方法 ....................................................................................... 166H  
16H .1.3.1 有机合成法.................................................................................. 167H  
17H .1.3.2 溶剂热法...................................................................................... 168H  
18H .1.4 分离方法 ............................................................................................... 169H7 
19H .1.4.1 升华法和重结晶法...................................................................... 170H  
20H1.1.4.2 化学法.......................................................................................... 171H  
21H .1.4.3 色谱法.......................................................................................... 172H  
22H1.2 非经典富勒烯.................................................................................................. 173H9 
23H1.2.1 “独立五元环”规则(IPR规则) ........................................................ 174H9 
24H1.2.2 稳定非经典富勒烯的途径 ................................................................. 175H 0 
25H1.2.3 非经典富勒烯的存在方式 ................................................................. 176H 0 
26H1.2.3.1 小于C60 的富勒烯...................................................................... 177H 1 
27H1.2.3.2 C62-C68 的富勒烯 ....................................................................... 178H 1 
28H1.2.3.3 其它非经典富勒烯.................................................................... 179H 2 
29H1.3 富勒烯形成机理研究.................................................................................... 180H 2 
30H1.3.1 五元环道路 ......................................................................................... 181H 3 
31H .3. 2 富勒烯道路 ........................................................................................ 182H 3 
32H1.3. 3 环共聚与融合道路 ............................................................................ 183H 4 
33H1.4 本课题的提出................................................................................................ 184H 4 
34H参考文献............................................................................................................... 185H 6 
35H第二章 玻璃燃烧反应装置的试制.................................................................. 186H28 
36H2.1 引言................................................................................................................ 187H28 















38H2.1.1.1 燃烧方式.................................................................................... 189H28 
39H2.1.1.2 火焰的结构................................................................................ 190H29 
40H2.2 燃烧装置的要求............................................................................................ 191H29 
41H2.2.1 装置设计的基础 ................................................................................. 192H 9 
42H .2.2 本装置设计的要求 ............................................................................. 193H 0 
43H2.3 玻璃燃烧装置的设计和试制........................................................................ 194H30 
44H2.3.1 装置的组成部分 ................................................................................. 195H30 
45H2.3.2 具体装置各部分的连接和装置的构造 ............................................. 196H31 
46H2.3.3 燃烧装置的操作方法 ......................................................................... 197H35 
47H2.3.4 玻璃组件的退火 ................................................................................. 198H35 
48H2.4 本装置的优缺点............................................................................................ 199H36 
49H2.5 实验条件对产物中富勒烯的影响................................................................ 200H36 
50H2.5.1 体系真空度对富勒烯生成的影响 ..................................................... 201H36 
51H2.5.2 两个腔体中富勒烯生成的区别 ......................................................... 202H38 
52H .6 本章小结........................................................................................................ 203H 9 
53H参考文献............................................................................................................... 204H 0 
54H第三章 燃烧产物的HPLC-UV-MS分离分析及制备性分离 ................. 205H41 
55H3.1 引言................................................................................................................ 206H41 
56H3.2 实验部分........................................................................................................ 207H41 
57H3.2.1 实验试剂 ............................................................................................. 208H41 
58H3.2.2 碳灰的合成 ......................................................................................... 209H41 
59H3.2.3 分析表征仪器 ..................................................................................... 210H42 
60H3.2.4 产物的分离分析 ................................................................................. 211H42 
61H3.2.4.1 色谱条件.................................................................................... 212H42 
62H3.2.4.2 质谱分析条件............................................................................ 213H43 
63H .3 结果与讨论.................................................................................................... 214H 3 
64H3.3.1 产物的分析 ......................................................................................... 215H43 
65H3.3.2 分离条件的探索 ................................................................................. 216H47 
66H3.3.2.1 芘基丁酸硅胶柱的分析效果.................................................... 217H47 
67H3.3.2.2 Buckyprep-M柱的分离尝试 ...................................................... 218H49 
68H3.3.3 Buckyprep-M柱第一轮分得各组分的分析 ...................................... 219H50 
69H3.3.3.1 组分 2的分析............................................................................ 220H51 
70H3.3.3.2 组分 3的分析............................................................................ 221H52 
71H3.3.3.3 组分 4的分析............................................................................ 222H53 
72H3.3.3.4 组分 5的分析............................................................................ 223H54 
73H .3.3.5 组分 6的分析............................................................................ 224H55 
74H3.3.3.6 组分 7的分析............................................................................ 225H 6 
75H3.3.3.7 组分 8的分析............................................................................ 226H57 
76H3.3.3.8 组分 9的分析............................................................................ 227H58 
77H3.3.3.9 样品 10 的分离分析.................................................................. 228H59 
78H3.3.4 粗产物的其它几轮分离 ..................................................................... 229H61 
















81H第四章 燃烧产物中的多环芳烃 ...................................................................... 231H64 
82H4.1 引言................................................................................................................ 232H64 
83H4.2 实验部分........................................................................................................ 233H64 
84H .2.1 粗产物的分离和检测 ......................................................................... 234H64 
85H4.3 结果与讨论................................................................................................... 235H65 
86H4.3.1 质谱分析 ............................................................................................. 236H 5 
87H4.3.1.1 分子量在 200－300 之间的多环芳烃...................................... 237H66 
88H4.3.1.2 质量数在 300－400 之间的组分.............................................. 238H67 
89H4.3.2 紫外光谱(UV) ..................................................................................... 239H70 
90H4.3.3 荧光光谱 ............................................................................................. 240H71 
91H4.3.4 C32H14 的晶体结构表征 ...................................................................... 241H75 
92H4.3.5 含氧的多环芳烃 ................................................................................. 242H77 
93H4.4 本章小结........................................................................................................ 243H79 
94H参考文献............................................................................................................... 244H80 
95H第五章 燃烧产物中的富勒烯类化合物 ........................................................ 245H83 
96H5.1 引言................................................................................................................ 246H83 
97H5.2 实验部分........................................................................................................ 247H84 
98H5.2.2 产物的分离 .......................................................................................... 248H 4 
99H5.3 结果与讨论.................................................................................................... 249H84 
100H5.3.1 C60H8的分离 ........................................................................................ 250H84 
101H5.3.1.1 C60H8 的质谱 .............................................................................. 251H85 
102H5.3.1.2 紫外光谱.................................................................................... 252H86 
103H5.3.1.3 C60H8 的结构探讨 ...................................................................... 253H86 
104H5.3.2 C60 的其它氢化物 ................................................................................ 254H87 
105H .3.3 C64H4的分离和结构确定及稳定性.................................................... 255H88 
106H5.3.3.1 色谱和质谱分析........................................................................ 256H88 
107H5.3.3.2 紫外光谱.................................................................................... 257H89 
108H5.3.3.3 C64H4 的稳定性 .......................................................................... 258H90 
109H5.3.4 燃烧产物中的C60 的衍生物 ............................................................... 259H 1 
110H5.3.5 质量数小于 720 的组分 ..................................................................... 260H95 
111H5.4 本章小结........................................................................................................ 261H97 
112H参考文献............................................................................................................... 262H99 
113H第六章 多环芳烃的氯化及其质谱特性 ...................................................... 263H101 
114H6.1 引言.............................................................................................................. 264H101 
115H6.2 实验部分...................................................................................................... 265H102 
116H .2.1 所用药品和试剂 ............................................................................... 266H102 
117H6.2.2 五氯化磷氯化 ................................................................................... 267H102 
118H6.2.3 BMC试剂氯化法 ............................................................................... 268H103 
119H6.3 结果与讨论.................................................................................................. 269H103 
120H6.3.1 两种方法氯化多环芳烃标样的效果比较 ....................................... 270H103 















122H6.3.3 碳灰的PCl5 氯化 ............................................................................... 272H106 
123H6.3.4 碳灰的BMC氯化 .............................................................................. 273H111 
124H6.4 本章小结...................................................................................................... 274H114 
125H参考文献............................................................................................................. 275H115 
126H第七章 火焰中富勒烯及多环芳烃之间的形成过程探讨 ..................... 276H117 
127H .1 引言.............................................................................................................. 277H117 
128H7.2 火焰中富勒烯的形成理论.......................................................................... 278H117 
129H7.2.1 火焰中的两个富勒烯形成区域 ....................................................... 279H117 
130H7.2.2 动力学机理 ....................................................................................... 280H118 
131H7.2.3 热力学机理 ....................................................................................... 281H 18 
132H7.2.4 两种机理存在的问题 ....................................................................... 282H120 
133H7.3 实验部分...................................................................................................... 283H121 
134H7.3.1 实验结果与讨论 ............................................................................... 284H121 
135H7.3.1.1 扩散火焰与预混火焰的差别.................................................. 285H121 
136H7.3.1.2 燃烧火焰中的一些特殊产物.................................................. 286H123 
137H .4 火焰过程中富勒烯的形成机理推测.......................................................... 287H124 
138H7.5 存在的问题.................................................................................................. 288H127 
139H7.6 本章小结...................................................................................................... 289H128 
140H7.7 燃烧法合成富勒烯的工作及展望.............................................................. 290H129 
141H7.7.1 本文的主要工作总结 ....................................................................... 291H 29 
















Table of Contents 
 V
Table of Contents 
Abstract in Chinese..................................................................................................ⅰ 
Abstract in English..................................................................................................ⅲ 
Chapter Introduction................................................................................................1 
    1.1 Synthesis and separation of fullerenes........................................................ 2 
        1.1.1 Carbon (graphite) vaporization method................................................2 
1.1.2 Method from organics...........................................................................3 
1.1.3 Other synthesis method.........................................................................6 
1.1.4 Separation of fullerenes........................................................................7 
    1.2 Non-classical fullerenes…………………………………………………….9 
        1.2.1 “Isolation pentagon rule” IPR………………………………………...9 
1.2.2 Stabilizing method for non-classical fullerenes…………………….10 
1.2.3 Exist mode of non-classical fullerenes……………………………....10 
1.3 Formation mechanism of fullerenes……………………………………...12 
 1.3.1 Pentagon road………………………………………………………..13 
1.3.2 Fullerene road ……………………………………………………….13 
1.3.3 Ring coalescence and annealing……………………………………..14 
1.4 The working-out of the subject ..................................................................14 
References...........................................................................................................16 
Chapter 2 Trial-construction of glass combustion setup...............................28 
2.1 Introduction……………………………………………………………......28 
 144H2.1.1 Some common information about combustion.. ................................. 28 
145H2.2 Object of the combustion setup ................................................................... 29 
2.2.1 The base of the design of combustion device……………………29 
2.2.2 The object of our combustion setup…..…………………………..30 
    2.3 Design and trail-construction of glass combustion setup……………….30 
2.3.1 Parts of the setup…………………………………………………… 30 
2.3.2 Detailed conformation and connection of all parts………………….31 
        2.3.3 Operating method of combustion setup……………………….......35 
        2.3.4 Anneal of glass components………………………………………....35 
2.4 Merits and defects of the setup…..……………………………………….36 
2.5 Effect of experimental conditions on fullerenes…………………………36 
        2.5.1 Effect of vacuum on the formation of fullerenes................................36 
2.5.2 Difference of fullerene between the two chambers………………….38 
2.6 Conclusion…………………………………………………………………39 
Reference……………………………………………………………………....40 


















3.2 Experimental section……………………………………………………...41 
3.2.1 Reagents…………………………………………………………….41 
3.2.2 Synthesis of soot…………………………………………………....41 
3.2.3 Device and instruments......................................................................42 
3.2.4 Separation of products……………………..………………………..42 
3.3 Results and discussion……………………………………………………43 
3.3.1 Analysis of products………………………………………………..43 
3.3.2 Exploration of separation condition………………………………..47 
3.3.3 Analysis of the components of separated for the first round  
     by Buckyprep-M column….……....................................………….50 
3.3.4 Other rounds of separation………………………………………….61 
3.4 Conclusions………………………………………………………………..61 
References……………………………………………………………………..63 
Chapter 4 Polycyclic aromatic hydrocarbons (PAHs) in flame………......64 
4.1 Introduction……………………………………………………………….64 
4.2 Experimental………………………………………………………………64 
4.2.1 Analysis of raw products....................................................................64 
4.3 Results and discussion…………………………………………………….65 
4.3.1 Mass spectrometric analysis...............................................................65 
4.3.2 Ultra-violet spectrometric(UV) analysis............................................70 
4.3.3 Fluorescence analysis.........................................................................71 
4.3.4 Structural characterization of C32H14.................................................75 
4.3.5 Oxidized PAHs...................................................................................77 
4.4 Conclusions………………………………………………………………..79 
References……………………………………………………………………..80 
Chapter 5 Fullerenes species in flame products…………………………….83 
5.1 Introduction………………………………………………………………..83 
5.2 Experimental................................................................................................84 
5.2.1 Synthesis and extract of products…………………………………...84 
5.2.2 Separation of products………………………………………………84 
5.3 Results and discussion…………………………………………………….84 
5.3.1 Separation of C60H8…………………………………..……………..84 
5.3.2 Other hydride of C60……………………………………………..….87 
5.3.3 Separation, structure comfirmation and stability of C64H4…………88 
5.3.4 C60 derivatives in flame……………………………………………..91 
5.3.5 Other compounds with mass to charge smaller than720……………95 
5.4 Conclusions………………………………………………………………..97 
References……………………………………………………………………..99 


















6.2.2 Chlorination of PAHs by PCl5……………………………………102 
6.2.3 Chlorination method by BMC reagent……………………………103 
6.3 Results and discussion…………………………………………………..103 
6.3.1 Compare of the two chlorination method for standard PAHs…103 
6.3.2 Correction curve and limit of detection of five perchlorinated 
PAHs ……………………………………………………………...104 
6.3.3 PCl5 chlorination of soot…………………………………………...106 
6.3.4 BMC chlorination of soot………………………………………….111 
6.4 Conclusion………………………………………………………………..114 
References……………………………………………………………………115 
Chapter 7 Discussion of the formation processes of fullerenes and PAHs 
in flame……………………………………………………………………………117 
7.1 Introduction……………………………………………………………...117 
7.2 The present theories of fullerenes formation in flame………………...117 
7.2.1 The two formation areas of fullerenes in flame…………………...117 
7.2.2 Kinetics mechanism.........................................................................118 
7.2.3 Thermodynatics mechanism………………………………………118 
7.2.4 Doubts of the two mechanisms........................................................120 
7.3 Experimental.............................................................................................121 
7.3.1 Results and discussion…………………………………………….121 
7.4 Conjecture of the formation mechanism in flame…………………….124 
7.5 Under-resolved problems………………………………………………127 
7.6 Conclusion………………………………………………………………128 
7.7 Summery and prospects of the synthesis of fullerenes in flame……..129 






























摘   要 
 i







































































Since the discovery of C60 in 1985, the effort of scientists have been devoted to 
the discovery and characterization of new species of fullerenes, as well as the physical 
and chemical properties and their applications in a wide range of fields. The fullerenes 
obeying the isolated pentagon rule, such as C60 and C70 etc., can be produced in bulk 
already. For the non-classical fullerenes with abutting pentagons, the synthesis, 
separation and characterization are of great challenge because of their instabilities. 
The present methods for synthesizing them are mainly based on endo- or exo-hedral 
derivatization so as to stabilize them in traditional Krätschmer–Huffman plasma. 
However, synthesis in macroscopic quantities is required for further understand and 
application of these fullerenes. The classical fullerenes such as C60 can be synthesized 
macroscopically from the arc method, while the flame method can realize the 
continuous production in industrial scale. If non-classical fullerenes can also be 
formed from flame, the largely synthesize the non-classical fullerenes is possible. The 
present works explore the formation of fullerenes in benzene/oxygen flame at reduced 
pressure, aiming to obtain some non-classical fullerenes with fused pentagons. In this 
dissertation, the works include the construction of a combustion setup, the exploration 
of synthesis and separation of fullerenes. Benzene/oxygen combustion at low pressure 
was performed using the homemade glass setup. Repeated experiments indicate that 
the vacuum condition is well and the flame condition allows the synthesis of 
fullerenes in lab scale and the combustion condition can also be observed and adjusted 
conveniently. Fullerenes containing soot was produced at the vacuum of 15-20 Torr 
with the benzene vapor flow rate of 1.5L/min and oxygen of 1.5-2L/min (C/O=1.5-3). 
In this dissertation, the separation of fullerenes are mainly performed on a 
Buckyprep-M column and a C18 column, the products from the flame are both 
separated well using the two kinds of stationary phase.  
The products in flame consist of PAHs and fullerenes. These PAHs contain 16-34 
carbon atoms, some of them were identified by mass spectra and UV spectra. Most of 















of C32H14, characterized by single crystal X-ray diffraction, is composed of 10 
six-membered-rings having the intermolecular stacking similar to graphite. The 
molecular composition of PAHs can be confirmed exactly through chlorination 
method, and the chlorinated PAHs have high sensitity. 
Besides C60 and C70, the fullerenes produced from flame include C60 derivatives 
(e.g., C60 hydrides) and other fullerenes. Among them, C64H4 has been characterized 
by UV spectrum and retention time in the chromatogram. It has a C3v symmetric 
structure with tripled abutting pentagons, as the same compound produced in arc 
method. It is possible that C60H8 (C60H12) is the hydride of an isomer of Ih C60, which 
may be formed from Stone-Wales rearrangement. Further characterization should be 
performed later. Other important compounds with mass-to-charge (m/z) between 600 
and 720 should be important for understanding of formation mechanism of fullerenes. 
Some species such as the compounds of 824, 878 and 932 m/z, are probable novel 
fullerenes. For these fullerenes, only mass spectra are observed at the present time, 
they should be paid attention in future separation processes. 
Non-classical fullerenes formed in flame are revealed in this dissertation for the 
first time. If their content in raw soot of the flame can be improved by optimizing the 
conditions, the realization of bulk production of them is desirable. Other non-classical 
fullerenes may probably form in the flame also. All of these will have certain 
guidance for not only the synthesis method but also the large scale production of 
non-classic fullerenes. 
As for the formation mechanism, the experimental data support the 
thermodynamics mechanism. Bimolecular addition reactions predominate at relative 
lower temperature, while unimolecular rearrangement to the form cage and 
dehydrogenization of cage dominate at high temperature. Hydrogenized fullerenes are 
the intermediates during fullerenes formation. The soot and fullerenes have the same 
intermediates, and the soot particles grow when the flame temperature decrease. 
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